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Cesium doped zirconium vanadate ZrV2O7 with different Cs dopant content (Cs/Zr varied
from 0 to 0.5 in weight ratio) were fabricated by hydrothermal technique at 120 C for
60 min. The synthesized materials are thermally treated using microwave technique. The
structural and morphological properties of the synthesized materials and thermally
treated samples were investigated using XRD and SEM respectively. It was evident that all
synthesized specimens have cubic phase structural without any extra phase but after heat
treatment Orthorhombic phase appear with doped samples. However, the morphological
structure of the doped synthesized materials has transferred from nanoparticles into rods
aspect with heat treatment for the different dopant ratio. Moreover, the electrical prop-
erties of both the synthesized and thermally treated materials are studied by AC imped-
ance measurements. The results indicated that the ionic conductivity of Cs-doped ZrV2O7
materials decreased by increasing the dopant ratio while that thermally treated samples
the ionic conductivity increase by increasing the dopant ratio. Finally, the concentration of
cesium dopants is found to play crucial role in tuning the morphology and electrical
properties of nanostructures.
Copyright 2014, Beni-Suef University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Peyronel is the first one who was reported zirconium pyro-
vanadate (ZrV2O7) in 1942 (Peyronel, 1942; Sahoo et al., 2011).6.
(N.A. El Essawy).
i-Suef University.
ity. Production and hostiZrV2O7 from AX2O7 families of compounds such as (A ¼ Zr, Hf
and X ¼ P, As, V) and has a framework structure with space
group symmetry Pa3, Z ¼ 4. Its structure is related to the NaCl
structural type (Space group Fm3m) with A4þ cation and
(X2O7)
 anion. It has two first order structural phaseng by Elsevier B.V. All rights reserved.
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Khosrovani et al., 1997; Sahoo et al., 2011). ZrV2O7 belongs to
a 3  3  3 superstructure at room temperature which van-
ishes above 102 C, and a strong isotropic negative thermal
expansion behavior is reported for the temperature up to
800 C. The superstructure for this compoundwas established
from single crystal synchrotron data, high-resolution neutron
powder diffraction data, and electron diffraction studies
(Evans et al., 1998; Khosrovani et al., 1996; Korthuis et al., 1995;
Withers et al., 1998). There are many synthetic processes
currently being used to produce Zirconium vanadate as sol-
egel technique, homogeneous precipitation, solid state reac-
tion and hydrothermal technique (Abd El-Latif and El-Kady,
2008). The reaction between ZrO2 and V2O5 has been described
as “extraordinarily slow” and to overcome these difficulties,
“hydrothermal synthesis”, which is a soft-chemical method
resulting in the formation of homogenized high purity prod-
ucts with reduced particle sizes and larger surface area, has
been employed to synthesize the variousmembers of the solid
solution (Zhu et al., 2006), it also acts as one of the most
attractive techniques for processing nano-hybrid and nano-
composite materials. Hydrothermal method has already been
applied to synthesize nanosized ZrV2O7 with polycrystalline
phase and small crystallite size (Abd El-Latif and El-Kady,
2011).
The previously stated research literatures illustrated that
thereweremany scientists were consideredwith the behavior
of zirconium vanadate under different conditions. Some re-
searchers stated that ZrV2O7 undergoes a reversible phase
transition upon application of pressure at 1.38e1.58 GPa,
where it converted from cubic (a phase) to pseudo-tetragonal
(b phase). This phase has an orthorhombic 2  3  3 super cell
(Carlson and Andersen, 2001). Other researchers were
explored that the room temperature Raman and infrared
spectra of ZrV2O7 have been collected at 12 and 5.7 GPa and
support the phase transition behavior established by high
pressure X-ray diffraction (Hemamala et al., 2007). On the
other hand, ZrV2O7 electrical conductivity has also been
investigated for the prepared and hot pressed samples, where
they were showed good electrical conductivity suggesting
semiconductor n-type behavior, which ranges from 105 to
106 U1 cm1 (Sahoo et al., 2011). Moreover, zirconium
vanadate has been successfully utilized by numerous re-
searches as inorganic ion exchanger for the separation of 134Cs
and 152Eu from a synthetic mixture (Sahoo et al., 2011; Xing
and Zhu, 2010). Finally, many zirconium vanadate solid solu-
tions have been established and there thermal expansion
behaviors have been considered. For example, there were
various solid solutions developed from ZrV2O7eZrP2O7
(0  x  2.0) and Zr1xHfxV2O7 (x ¼ 0e1) series, and their
isotropic thermal behaviors have been examined (Korthuis
et al., 1995; Hisashige et al., 2006).
Mostly, doping is adding of impurities to the material in
order to modify its properties. Zirconium vanadate doped
with zirconia and vanadium (V) oxide was prepared by solid
state reaction and sol egel methods. The results show that,
the doping doesn't effect on the crystal structure neither nor
its thermal properties (Xing and Zhu, 2010). While, other
researchers were found that the photo-catalytic activity of
synthesized molybdenum doped zirconium vanadateproduced from the solution combustion method was
enhanced toward the degradation of non-azoic dyes
compared with its parent zirconium vanadate (Sahoo et al.,
2011). However, till now there is no investigations deal
with the doping effect of mano-valent cations (such as ce-
sium ions) on the crystal, morphology and electrical prop-
erties of zirconium vanadate. Accordingly, cesium doped
zirconium vanadate will be synthesized in this investigation
using hydrothermal technique, where the hydrothermal
doping method was hoped to create a rational dopant alkali
metal distribution in ZrV2O7 with avoiding the formation of
heterogeneous metal oxides phases. These synthesized
materials will be thermally modified using microwave
advanced heating technology, which can provide new,
powerful, and significantly different tool for materials pro-
cesses or to improve the performance characteristics of
existing materials. In many cases, materials processing
using microwave technology have numerous advantages in
their properties compared to that using the traditional ma-
terials processing techniques (Clark and Sutton, 1996). This
is regarded to the characteristics features of the microwave
technology that include more precise and controlled volu-
metric heating, faster ramp-up to temperature, and lower
energy consumption, that by its role enhance the quality
and properties of the processed materials. Microwave
heating can achieve very fast and uniform heating through a
self-heating process that arises from the direct absorption of
microwave energy into the materials. Furthermore, micro-
wave heating makes it possible to synthesize the target
materials at temperature lower than those required for
furnace heating (Higuchi et al., 2003). Accordingly, micro-
wave heating technology represents an economic and very
fast procedure technique compared with furnace heating.
Respecting to this concept, microwave technology will be
utilized as a sintering process tool for the synthesized zir-
conium vanadate and its cesium dopants with different
concentration.
This research activity will be highlighted through studying
the effect of both cesium doping and thermal treatment onto
the crystalline nature, morphological structure and electrical
properties of prepared zirconium vanadate and their cesium-
dopant produced.2. Materials and methods
2.1. Materials and equipment
The main reagents used for the synthesis of Zirconium
vanadate and its cesium dopant were Zirconium oxy chloride
(AVONCHEM, United Kingdom), Sodium vanadate (ACROS,
USA), Cesium chloride (APPLICHEM, Germany), Hydrochloric
acid (ALDRICH, USA.). All chemicals have high purity. The
instruments used are: Balance with shield chamber 4 digits
(Sartorius, Model CP225D, Germany), Hot plate and stirrer
(Stuart, Model SB 162, United Kingdum), Autoclave (Systec,
Model 3850-EL), Drying oven (Nabertherm, Model TR60, Ger-
many), Vacuume pump (Barnant, Model 400-3912, USA), Mi-
crowave Assisted Technology (MAT) furnace (CARBOLITE,
Model MRF 16/22,UK).
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cesium
0.4 M sodium vanadate solution has been completely dis-
solved in the presence of 0.1 M hydrochloric acid through
gentle heating. Another solution consists of 0.1 M zirconium
oxy chloride in addition to cesium chloride as a dopant
element (different solutions with different molarities in the
range of 0e0.03 M); this solution was added into the sodium
vanadate solution. Thismixture was heated under pressure at
120 C for 60 min using autoclave, the steps description of
synthesis procedure of cesium doped zirconium vanadate
powder is shown in Fig. 1 (Abd El-Latif and El-Kady, 2008; Abd
El-Latif and El-Kady, 2011) (Fig. 2).
2.3. Thermal modification of samples using (MAT)
The different synthesized samples have been sintered using
Microwave Assisted Technology (MAT) furnace. The prepared
powdered samples were exposed to two different types of
heating techniques that include conventional heating only
and conventional associated with microwave heating. For
conventional heating, the influence of heating temperature
(600 C) on thematerials properties was elucidated at constant
exposure time interval (30 min). However, the prepared
powdered materials was heated gradually at specific heating
temperature (600 C) using conventional heating then exposed
to microwave radiation for 30 min. The properties of all
thermally treated materials were examined using the
different characterization techniques.
2.4. Characterization of the synthesized and heat
treatment modified cesium doped zirconium vanadate
The influence of both cesium doping and microwave heat
treatment on the crystal,morphology and electrical properties
of nano-zirconium vanadate samples were monitoredFig. 1 e Preparation scheme of Cs doped ZrV2O7 nano-
powder prepared by hydrothermal technique.through the different characterization tools of XRD, SEM and
impedance spectroscopy.
2.4.1. X-ray diffraction (XRD)
X-ray powder diffractometry analysis was carried out using X-
ray diffractometer (Schimadzu-7000, U.S.A.) with CuKa radi-
ation beam (l ¼ 0.154060 nm). The finely powdered samples
were packed into a flat aluminum sample holder, where the X-
ray is generated at 30 kV and 30 mA with a copper target.
Scans are performed at 4 min1 for 2q values between 10 and
80. The results are compared to zirconium vanadate cards
(01-088-0583, 01-088-0584, 01-088-0585, 01-088-0586 and 01-
016-0422) and cesium zirconium oxide cards (00-041-0513 and
00-079-2104).
2.4.2. Morphological characterization (SEM)
The different prepared fine powder samples were stocked
onto holder and were gold sputtered prior examination. The
samples were scanned to identifymorphology of the prepared
samples and estimate the particle size at different magnifi-
cations 5000 and 20,000. The chemical composition (atomic
ratios) of the prepared samples was examined by Energy
dispersive X-ray spectroscopy (EDAX) analysis that combined
with the Scanning Electron Microscope using liquid nitrogen.
2.4.3. Electrical characterization
The different produced powder materials before and after
thermal modification processes were pressed on cold in discs
of about 13 mm diameter at a pressure of 80 MPa using hy-
draulic press to facilitate their electrical properties measure-
ments. Pellets two opposite sides were coated with silver
paste. The impedance analysis of the compound are carried
out by the impedance measurement procedure using a com-
puter controlled Gamry Instruments a Potentiostats/Galva-
nostat, Gamry Instruments, (Model: Zr,G750) at a frequency
range 10e300,000 Hz. The data collected was analyzed in the
form of impedance plots. The bulk resistances of the samples
were determined from the complex impedance plots.3. Results and discussion
3.1. Crystalline structure
X-ray diffraction patterns of prepared zirconium vanadate
showed that, the prepared samples have some degree of
crystallinity. Accordingly, the hydrothermally prepared ma-
terials can be considered as polycrystalline (Abd El-Latif and
El-Kady, 2011). In order to elucidate the cesium doping effect
on the crystalline nature of prepared zirconium vanadate, by
comparing the X-ray diffraction patterns of both cesium
doped and undoped zirconium vanadate samples, similarity
was induced between pure nano powder zirconium vanadate
and its cesium dopant, where no additional peaks that may
represent cesium impurities were observed, which indicates
the high purity of the obtained Cs co-doped materials (Parida
and Mishra, 1999). However, a reduction in intensity was
observed with the addition of dopant element, which increase
by increasing the dopant amount, that may be refer to the
crystallization of the ZrV2O7 was inhibited.
Fig. 2 e XRD patterns of undoped and Cs doped ZrV2O7 samples. (a) undoped ZrV2O7 (b) Cs (0.005 M) doped ZrV2O7 (c) Cs
(0.01 M) doped ZrV2O7 (d) Cs (0.03 M) doped ZrV2O7.
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doped samples
Fig. 3 shows the X-ray diffraction patterns of different pre-
pared Cs doped ZrV2O7 samples which thermally treaded
using microwave sintering. As shown, there are some differ-
ences between the XRD patterns with carefully comparison.
The specimens containing up to 0.005 M Cs (Fig. 3(a)e(d)) are
display the characteristic XRD peaks corresponding to c-
ZrV2O7, no obvious diffraction peaks arising from the possible
impurity phases such as Cs2ZrO3, ZrO2, etc. are visible,
therefore the cesium dopant have no effect on the poly-
crystalline structure of ZrV2O7 at low contents. In addition, the
peak intensities were decreased indicating the doping and
heat treatment affect the crystallinity of ZrV2O7. However,
when the Cs concentration increased to 0.01 M, there is a
mixture of two phases. One phase is the ZrV2O7 related phase
and the other phase is the orthorhombic polymorph of Cs2 Zr
O3, and by increasing the concentration of Cs and increase the
rate of heat treatment, peaks (2 2 0), (3 1 0), (2 1 1), (2 1 0) and (2
0 0) are disappeared as shown in Fig. 3(e)e(h). While, peaks (2 2
0) and (3 1 1) are appeared, which can be indexed to o- Cs2ZrO3.
Therefore, the addition of 0.01 M or more Cs with thermal
treatment destabilized the cubic phase of ZrV2O7 and induced
the formation of the orthorhombic phase. The cubic ZrV2O7whose framework structurewith space group symmetry Pa3 is
built of corner linked ZrO6 octahedra and linear V2O7 units
(Khosrovani et al., 1996; Korthuis et al., 1995; Withers et al.,
1998). The cell edge at room temperature is
3  8.77 Å ¼ 26.3 Å. (Evans et al., 1998; Khosrovani et al., 1997)
In this structure, some V2O7 groups bend away from 180
while in the high temperature structure, these V2O7 groups lie
on the threefold axis and thus their angle is 180 (Khosrovani
et al., 1997). The ideal cubic structure of ZrV2O7 can be
considered as related to the NaCl structure, with the ZrO6
octahedron centered at the ideal Na site and the bridging ox-
ygen of the V2O7 group (O3V-O-VO3) at the Cl site (Hemamala
et al., 2007; Hisashige et al., 2006; Khosrovani et al., 1997),
each ZrO6 octahedron shares all the oxygen atoms with the
neighboring VO4 tetrahedra. On the other hand, the two VO4
tetrahedra share an oxygen atom andmake a V2O7 group with
a bridging structure (O3VeOeVO3) (Korthuis et al., 1995). Zr
was located at the 4a (3 axis) Wyckoff site. V atom occupied 8c
(3-fold axis) Wyckoff site (Sahoo et al., 2011). The Cs position
was assigned to this site. It is noteworthy that in the crystal
structure of ZrV2O7 and other substituted compounds there
has been only one position identified for V and the substituted
surrogate atom. Thus, XRD studies may indicate substitution
of Cs ions into the ZrV2O7 lattice by hydrothermal preparation
followed by thermal treatment. According to the XRD results
Fig. 3 e XRD patterns of undoped and Cs doped ZrV2O7 sintered samples. (a) undoped ZrV2O7 sintered conventionally. (b)
undoped ZrV2O7 sintered conventionally followed by MW for 30 min. (c) Cs (0.005 M) doped ZrV2O7 sintered conventionally.
(d) Cs (0.005 M) doped ZrV2O7 sintered conventionally followed by MW for 30 min. (e) Cs (0.01 M) doped ZrV2O7 sintered
conventionally. (f) Cs (0.01 M) doped ZrV2O7 sintered conventionally followed by MW for 30min. (g) Cs (0.03 M) doped ZrV2O7
sintered conventionally. (h) Cs (0.03 M) doped ZrV2O7 sintered conventionally followed by MW for 30 min.
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transformation is also affected by the concentration of Cswith
type of heat treatment.
3.3. Morphological structure detection using scanning
electron microscopy (SEM)
Comparable study on the morphological structure of both
cesium doped and un-doped nano-zirconium vanadate
samples was investigated to demonstrate the influence of
doping, microwave radiation and conventional heat treat-
ment techniques. Typical SEM micrographs of different
samples were investigated at Fig. 4; the characteristic feature
is a non uniform distribution of particles for all prepared
samples. However, the average particle sizes of materials
produced were in nanosize. As these synthesized nano-
materials thermally treated, changes in the particle shapes
and sizes were induced by thermal treatments especially for
doped ZrV2O7 produced. The morphological structure of
undoped sample heated conventionally only at 600 C con-
sisted of multifaceted particles. However, utilizing the con-
ventional heating at 600 C followed by microwave radiation
for 30 min (Fig. 5a) the particle surfaces became smooth, well-
defined and its average size ranged between 1 mm and 0.5 mm.
Accordingly, it is notable that the microwave sintering pro-
cess enhances the grain-growth rate and increases thedensification behavior of the materials. While considering the
doped ZrV2O7 material, the morphological structure was
transformed from homogeneous agglomerated particles for
the undoped sample (Fig. 5a) into two distinct morphological
structures of the rod-like shapes beside the agglomerated
particles at low doped sample (Fig. 5(b)). The average aspect
ratio of produce micro-rods was equal to 8, the formation of
these micro-rods may be related to the intrinsic tension in-
side the material particles that have tendency to release their
stress and decrease their total energy through plates splitting
into rods, which results in the micro-rods formation. While,
with increasing the Cs concentration, the rod-like
morphology was changed to form nanorods (Fig. 5(c and d))
with average wideness of 50 nm and lengths of 500 nm. From
the SEM results, it can be concluded that the sizes and mor-
phologies of Cs doped ZrV2O7 powders were extensively
influenced by the molar ratio of Cs/Zr. With the increase of Cs
concentration, the particle sizes were decreased and the
mechanism needs further investigation.
3.4. Impedance measurements of prepared materials
Respecting to the distinguish cubic structure of ZrV2O7, the
unshared terminal oxygen ion of the VO4 tetrahedron may
hop between two equivalent sites accompanied by breaking
and rebuilding of the bond between vanadium and the
Fig. 4 e SEM images for (a) undoped, (b) 0.005 M, (c) 0.01 M, (d) 0.03 M, Cs doped ZrV2O7 samples.
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the oxygen migration responsible for the ionic conductance
observed in Ln2O3 stabilized ZrO2 and CeO2 solid electrolytes
(Li et al., 2007; Li et al., 2008; Stephens and Kilner, 2006). It is
well known that, when the selected solid solutions containing
substituted low-valent ions; more oxygen vacancies can be
produced (Li et al., 2008). According to this consideration, the
influence of cesium ions as mono-valent cations on the ma-
terial conductivity has been conducted using impedance
measurements where, impedance spectroscopy has been
widely used to study the charge transport behavior ofFig. 5 e SEM images for (a) undoped, (b) 0.005 M, (c) 0.01 M, (d) 0.0
heating at 600 C followed by microwave radiation for 30 min.nanocrystallinematerials. This analysis provides a correlation
between the electrical and structural properties of the mate-
rial. Fig. 6 shows complex impedance spectrum (Nyquist plots,
i.e., Z0 versus Z00) at room temperature for undoped and doped
zirconium vanadate with and without heat treatment, the
effect of porosity on the conductivity can be considered as
negligible. The Nyquist plots are consisted of one arc or two;
the intercepts of the semicircular arc at high frequency with
the real axis (Z) give us the bulk resistance of the material
(Badwal and Ciacchi, 2005; DaSa et al., 2008). The solid lines in
figure represent fitted data.3 M, Cs doped ZrV2O7 sintered samples using conventional
Fig. 6 e Impedance spectroscopy measurements at room temperature for (a) Unsintered, undoped ZrV2O7. (b) Unsintered, Cs
(0.005 M) doped ZrV2O7. (c) Unsintered, Cs (0.01 M) doped ZrV2O7. (d) Unsintered, Cs (0.03 M) doped ZrV2O7. (e) undoped
ZrV2O7 sintered conventionally followed by MW for 30 min. (f) Cs (0.005 M) doped ZrV2O7 sintered conventionally followed
by MW for 30 min. (g) Cs (0.01 M) doped ZrV2O7 sintered conventionally followed by MW for 30 min. (h) Cs (0.03 M) doped
ZrV2O7 sintered conventionally followed by MW for 30 min.
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Characteristically before from XRD & SEM data, before the
thermal treatment, the undoped, 0.005M, 0.01M and 0.03MCs
doped materials are free of second phases and intergranular
films and they represent polycrystalline ceramics. Thus, their
oxygen ion conductivity comprise bulk or grain boundary
contributions or both (Behera et al., 2007; Li et al., 2008; Martin
and Mecartney, 2003). Fig. 6(a and b) shows a single semicircle
obtained at high frequency that attributed to the super-
position of grain and grain boundary effects for nano-
polycrystalline ZrV2O7 and 0.005 M Cs doped. The bulk con-
ductivities, as terminated from the high frequency intercepts
on the real axis showed no dependence on grain size, which
may be due to nano size of the materials, where, thedistinction between grain and grain boundary regions tends to
vanish as the grain size reduced to the nanometer regime
(Tekeli et al., 2007). While Nyquist plots for 0.01 M Cs doped
ZrV2O7 has been observed as two overlapping semicircular
arcs as investigated in Fig. 6(c). These results are compatible
with the previous researchers results on other ionic conductor
materials (Behera et al., 2007; Macdonald, 1987; Prasad et al,
2011; Solmon, 1992), where, the grain properties are associ-
atedwith the semi-circular arc at higher frequencies, whereas
the grain boundary properties are associated with the semi-
circular arc at lower frequencies (Behera et al., 2007; Prasad
et al., 2011). While as shown in Fig. 6(d) the Nyquist plots for
0.03 M Cs doped ZrV2O7have been observed as the straight
lines with large slopes, that indicate the insulating behavior of
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of the material increase when the cesium dopant concentra-
tion is increased. This may be regarded to the blocking effect
of the Cs 1þ ions located at thematerials grain boundaries that
hindering the oxygen ion transportation which is the main
responsible for the ionic conductivity of material (Chen et al.,
2002; Ricoult et al., 2005).
3.4.2. Effect of microwave sintering on impedance
measurements
The impedance measurements were carried out on both
undoped and cesium doped ZrV2O7 samples sintered
conventionally at 600 C for 30 min without microwave radi-
ation then compared with these measurements of samples
sintered with microwave radiation at 600 C for 30 min. As
shown in Fig. 6(eeh) with thermal treatment, it became diffi-
cult to analyze the impedance data in terms of grain and grain
boundary contributions due to poorly developed semicircles.
It was also seen that the resistances of the grain and grain
boundaries decreased significantly with the heat treatment
for undoped ZrV2O7. This decrease was mainly a result of the
increased grain size and the consequent reduction in the total
grain boundary area. While, the sintering process has a posi-
tive effect on the ionic conductivity of all sintered doped
samples. This may be attributed to the reduction of grain
boundaries and formation of nanorod, as where its grain re-
sistances are smaller than the grain boundary resistances as
illustrated from Fig. 6(feh). This behavior may be attributed to
the breakdown of the agglomerated grains into rod structure
(George et al., 2011).4. Conclusions
 The X-ray spectrums of all samples have semi-crystalline
structural, and the plane orientation was affected by the
concentration of Cs addition.
 The SEMmicrographs confirm the nanosize structure of all
prepared samples.
 The crystalline, morphological and conductivity of undo-
ped and cesium doped samples are affected by sintering
conditions.
 The samples which sintered using microwave radiation
have more conductivity comparable to those convention-
ally heated at the same temperature; this is probably
regarded to the microwave heating may enhance the ma-
terial densification structure.
 The micro-rods structure of doped samples has been ob-
tained through the thermal treatment of hydrothermally
produced material. This simple method for materials ar-
chitecture expected to be of great importance for the ma-
terials utilization at different industrial applications such
as catalysis, adsorption/separation and in nano-devices.
 The microstructure is of vital importance and critical for
ionic conductivity of Cs doped ZrV2O7.
 A dopant concentration higher than (0.005 M) for non
thermally treated samples may reduce the number of
mobile oxygen ions because of defect association causing
conductivity degradation.r e f e r e n c e s
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